Amorphous Ti 60 Zr 15 Ni 15 Cu 10 alloy ribbons containing an icosahedral quasicrystalline phase were prepared by melt-spinning. The microstructure of this alloy strongly depends on cooling rate, which controlled by the circumferential velocity of copper roll. At a low velocity of 10 m/s, stable α-Ti/Zr, Ti 2 Ni and Ti 2 Cu crystalline phases are formed. At the velocities of 15 and 20 m/s, an icosahedral quasicrystal phase (I-phase) is formed directly. At the velocities of 25, 30 and 35 m/s, a mixed structure consisting of I-and amorphous phases is formed and the size of I-phase is in the range of 5-50 nm. At the high velocity of 40 m/s, a single amorphous phase is formed. The DSC traces of these melt-spun alloys obtained during continuous heating from room temperature to 1000 K at a heating rate of 0.67 K/s show distinct exothermic peaks. The amount of the first exothermic heat decreases with a decrease of cooling rate, indicating an increase of the precipitated I-phase in these melt-spun ribbons. For the single amorphous phase ribbon, the Vickers microhardness (H v ), tensile fracture strength (σ f ) and distinct plastic elongation (ε) are 460, 1480 and 1.42% respectively. For the nano-scale I-phase bearing amorphous composite ribbons, the σ f , H v and ε depend on the volume fraction (V f ) of the I-phase. The maximum σ f (1650 MPa) and ε (1.52%) was obtained at about V f = 28% with particle size of 5-20 nm.
Introduction
The discovery of an Al-Mn alloy extended the dichotomous division of solids to either crystalline or amorphous by introducing the notion of icosahedral quasicrystalline phase (I-phase). The physical, chemical and mechanical properties of I-phase alloys would be unique in comparison with those of normal crystalline phases. In many cases, I-phase alloys have good corrosion resistance, low friction coefficients, sensitive magnetic properties and hydrogenation ability, together with significant brittleness at room temperature. 1) However, I-phase alloys may improve wear resistance and durability of systems and reactive or abrasive material is conveyed. Furthermore, the I-phase structure can be considered to be optimized by controlling the multiphase microstructure. For instance, a new Al-based 2) alloy has high strength in conjunction with good ductility by introducing a high density of dispersed I-phase, and the Zr-based 3, 4) alloys consisting of nanoscale I-phase embedded in a glassy matrix have better mechanical properties as compared with single glassy phase alloys.
Recently, Ti-based I-phase containing alloys have been obtained. For example, formation of the I-phase in Ti-(Mn, Fe or Co) 5, 6) binary and Ti-Zr-Ni 7, 8) ternary alloys by rapid quenching from melt was reported. Recently, we have prepared the Ti-Zr(Hf)-Ni-Cu 9) amorphous alloy by adding Cu to the Ti-Zr(Hf)-Ni system. The crystallization behavior of the melt-spun Ti 60 Zr 15 Ni 25−x Cu x (x = 0-25) amorphous alloys and the influence of the cooling rate on microstructure have been studied. 10) The alloys exhibit multi-stage crystallization on heating. The primary reaction corresponds to the precipitation of the I-phase. The Ti 60 Zr 15 Ni 15 Cu 10 alloy has a good forming ability of I-phase and amorphous phase. In * Corresponding author: E-mail: wang@sendai.jst.go.jp this paper, we discuss formation of the I-phase embedded in the amorphous matrix of the Ti 60 Zr 15 Ni 15 Cu 10 alloy and mechanical properties of this alloy. The influence of the cooling rate on the formation of the I-phase has been also discussed.
Experimental Procedure
The alloy ingot was prepared by arc melting a mixture of pure metals in an argon atmosphere. From these alloy ingots, ribbons with a cross-section of about (0.02-0.03) × (0.8-1.0) mm 2 were prepared by a single roller melt-spinning method in an argon atmosphere. The cooling rate is controlled by the circumferential velocity of the roller of 25, 30, 35 and 40 m/s. The structure of the ribbons was examined by X-ray diffraction (XRD). The thermal stability of the melt-spun alloys was evaluated using a differential scanning calorimeter (DSC) at a heating rate of 0.67 K/s. The microstructure was examined by using a transmission electron microscope (TEM) JEM-3000F. The tensile strength (σ f ) was measured with an Instron testing machine at a strain rate of 8.3 × 10 −4 s −1 at room temperature. The hardness (H v ) was examined with a Vickers microhardness tester for a loading time of 15 s under a load of 0.245 N. The appearance of fracture surfaces was investigated by scanning electron microscopy (SEM). image of the Ti 60 Zr 15 Ni 15 Cu 10 ribbon at the circumferential velocity of 30 m/s is shown in Fig. 3(a) . The precipitated particles distribute on the amorphous matrix and the particle size is approximately smaller than 20 nm. The nano-beam electron diffraction patterns shown in Figs. 3(b) , (c) and (d) correspond to the five-, three-and two-fold symmetries, respectively. Figure 4 shows the DSC curves of the melt-spun Ti 60 Zr 15 Ni 15 Cu 10 ribbons prepared at the circumferential velocities of 25-40 m/s. The crystallization takes place through several exothermic reactions. The exothermic heat release de-creases with a decrease of cooling rate. The exothermic heat is in proportion with the volume fraction of crystalline phase (V f ), 11) and V f can be estimated using the following equation:
Results and Discussion
∆H T,Am is the total enthalpy released upon crystallization of a totally amorphous sample and ∆H T,PAm is the total enthalpy released upon crystallization of a partially amorphous sample. The amount of V f was 47, 28 and 12% at the circumferential velocities of 25, 30 and 35 m/s, respectively.
The reason for the formation of the mixed structure of nano I-phase in the amorphous matrix is that the primary crystallization reaction of the amorphous alloy corresponds to the precipitation of a single I-phase. 9) Further annealing at higher temperatures leads to the phase transformation from the I-phase to the stable α-(Ti, Zr), Ti 2 Ni and Ti 2 Cu crystalline phases. In this study, the structure consisting of I-and amorphous phases can be acquired directly from the melt by controlling the cooling rate. This can be explained by the schematic continuous cooling transition diagram as shown in Fig. 5 . The stable crystalline phases (α-(Ti, Zr), Ti 2 Ni and Ti 2 Cu) and the metastable phase (I-phase) can be obtained by controlling the cooling rate. At rapid cooling (line (a)), finally amorphous structure is formed. Cooling with slightly lower cooling rate (line (b)), produces the I-phase and finally a mixed structure consisting of nano I-and amorphous phases is obtained. Cooling with a slow rate (line (c)), produces crystalline and I-phases and finally the mixed structure of crystalline, I-and amorphous phases is acquired. Therefore, alloys with different amounts and particle sizes of I-phase, crystalline and amorphous phases can be obtained by controlling the cooling rate.
The change in mechanical strength with cooling rate at circumferential velocities of 25-40 m/s was examined for the Ti 60 Zr 15 Ni 15 Cu 10 amorphous alloy containing finely dispersed I-phase particles. As shown in Table 1 , the Vickers microhardness (H v ) of the samples increases with decreasing cooling rate, that is to say that it increases with the amount of V f . The tensile fracture strength (σ f ) and elongation (ε) of the sample with the amorphous single phase are 1480 MPa and 1.42%, respectively. Larger values of σ f and ε can be obtained with a decrease of cooling rate. The maximum values are 1650 MPa and 1.52%, respectively, at the cooling rate of 30 m/s for the sample with a mixed structure of nano I-and amorphous phases. This σ f value is 170 MPa higher than that of the sample having an amorphous structure. As shown in Figs. 2 and 3 , the particle size of the I-phase in these alloys increases from 5 to 50 nm with an increase of V f . The σ f has a maximum value at the particle size of 5 to 20 nm when V f is 28%. Further increase in V f leads to an increase up to 50 nm of I-phase particle size. Therefore, the maximum σ f is obtained when the I-phase has an optimum particle size and volume fraction. It had been reported that the rapidly solidified AlCr-Ce-Co 2) alloys consisting of I-phase particles with V f of about 60% and particle size range of 30-100 nm have high strength (σ f of 1340 MPa). Besides that, good mechanical properties of the bulk amorphous Zr-Al-Cu-Ni-Ag 3) alloys containing nanoscale I-phase particles are related to V f of 45-85% and particle size range of 30-40 nm. These results also imply that the σ f for the mixed phase alloys is dependent on both parameters of V f and particle size and it shows a maximum value at optimum V f and particle size, in agreement with the result of the present research. Figure 6 shows the fracture surface appearance of the tensile tested melt-spun ribbon samples. It clearly revealed the existence of vein-like pattern, which is characteristically associated with amorphous phase fracture. The high strength sample shows viscous nervation rise and smooth structure for the single amorphous or mixed I-and amorphous mixed phases at relative high cooling rate (Figs. 6(b), (c) and (d) ). Although the image of the early stage of the fracture process is similar to that for an amorphous single phase alloy with good duc- tility, one can notice a significant difference in the final fracture area where remarkably elongated and curved ledges are formed in the mixed phase ribbon (Fig. 6(b) ). This difference suggests that the I-phase particles act as the barriers to shear deformation, and lead to a more significant viscous flow of the amorphous matrix. The increase of V f to 47% results in the change of the fracture morphology characterized by the coexistence of facet-like and vein regions ( Fig. 6(a) ), indicating embrittlement. This result indicates that the ductility decreases when the amount of the I-phase particles exceeds the optimum value. One should point out that the homogeneous precipitation of the nanoscale I-phase particles makes about significant change in the fracture morphology and the change is particularly remarkable at the final stage of fracture. The high strength nanocrystalline and amorphous materials have been reported. 12, 13) The reasons for the high strength can be concluded as: (1) the residual amorphous phase can contain a large amount of free volume and high thermal stability resulting from the enrichment in the solute element, (2) the amorphous/nanocrystal interface has a high degree of packing fraction due to the low interface energy at the liquid/solid interface, (3) the nanocrystal with a uniform particle size disperses homogeneously and isolately in coexistence with the amorphous intergranular phase. As shown in Table 1 , the homogeneous dispersion and nano size of the I-phase particles are considered to be the dominant factors for improving the mechanical strength of the melt-spun TiZrNiCu alloy. In addition, the hardness of I-phase particle itself is higher than that of the amorphous single phase. The σ f shows a maximum value at about V f = 28% and decreases with a further increase of V f . The enhancement of σ f may be related to the unique deformation of the mixed phase alloy. The fracture surface of the mixed phase ribbon with an optimum V f , at which the maximum σ f was obtained, consists of smooth, elongated and tangled vein pattern, indicating that the final rupture takes place through the viscous flow mechanism. The formation of the nanoscale I-phase and amorphous phase leads to a significant improvement in σ f , implying that the present Ti-based alloy is prominent for the application as structural material.
Summary
(1) The rapid solidification process promotes the refinement of grain size as well as the formation of the metastable I-phase in the Ti-based alloy. The microstructure of the meltspun Ti 60 Zr 15 Ni 15 Cu 10 ribbons significantly depends on cooling rate. At the cooling rates of 25, 30 and 35 m/s, a mixed structure of I-and amorphous phases is formed. The particle size of the I-phase is in the range of 5-50 nm and tends to increase with a decrease of cooling rate.
(2) Vickers microhardness and Young's modulus increase with volume fraction of the I-phase. The maximum tensile fracture strength (σ f = 1650 MPa) and distinct plastic elongation (ε = 1.52%) were attained at the volume fraction of V f = 28%. These combined characteristics are better than those of the amorphous single phase alloy with σ f of 1480 MPa and ε of 1.42%. The increase of the σ f is considered to be due to the increase of the resistance to shear slip caused by homogeneous dispersion of the nanoscale I-phase particles.
